Receptor and non-receptor tyrosine kinases constitute a large family of proteins that play a pivotal role in hematopoiesis. Here we conducted a comprehensive survey of tyrosine kinase gene expression in primary erythroid progenitor cells from bone marrow by employing a PCR-based strategy that targets the conserved kinase encoding region. We demonstrate that erythroid progenitor cells express several receptor and nonreceptor tyrosine kinases, like c-kit, Jak1, Ryk, FAK, Syk, Arg, Csk and members of the insulin receptor family. Speci®c changes in the expression pro®le of tyrosine kinases were observed following dierentiation induction. We also report on the identi®cation of a new ligand dependent modulator of erythropoiesis, ®broblast growth factor receptor-4 (FGFR-4). FGFR-4 is eectively expressed in erythroid progenitors and downregulated when cells dierentiate. Furthermore, the FGFR-4 ligand, basic ®broblast growth factor (bFGF), enhanced erythroid cell proliferation induced by SCF or insulin, and thus modulated both erythroid proliferation and dierentiation in vitro.
Introduction
Red blood cells constitute the most abundant specialized cell type in vertebrate organisms and mechanisms must exist that eectively control their generation from hematopoietic progenitors. Despite recent advances in our understanding of how hematopoiesis is controlled, the intricate regulatory mechanisms of red blood cell development remain puzzling in many aspects and need further clari®cation. Signal transduction pathways emanating from the cell surface play a central role in determining self-renewal or lineage commitment of hematopoietic progenitors. In many cases such signaling cascades are triggered by speci®c receptor tyrosine kinases that upon binding of cognate ligand induce proliferation, survival and/or dierentiation of a given cell lineage. In other instances non-receptor tyrosine kinases, like members of the Janus kinase (Jak) family, conduct the signals originating from cytokine receptors that lack intrinsic tyrosine kinase activity. In both cases, however, receptor and non-receptor tyrosine kinases elicit their speci®c eects by phosphorylating intracellular target proteins which ultimately induce changes in gene expression (Ullrich and Schlessinger, 1990; Schlessinger and Ullrich, 1992; Ihle et al., 1995; Pawson and Scott, 1997) . Most signi®cantly, mutant versions of receptor and non-receptor tyrosine kinases may aberrantly alter normal growth control mechanisms and like in leukemias lead to a massive and uncontrolled outgrowth of largely immature hematopoietic cells that cause the disease (Sawyers et al., 1991) .
Previous studies demonstrated that PCR-based strategies represent useful approaches to identify tyrosine kinase genes that are expressed in the hematopoietic compartment (Wilks et al., 1989; Wilks, 1991) . Basically, these strategies employed primers directed to highly conserved sequences anking the region that encodes the catalytic domain and that is homologous in a number of tyrosine kinases (Hanks et al., 1988) . Such studies identi®ed novel tyrosine kinases as well as determined tyrosine kinase gene expression in various cell populations (Partanen et al., 1990; Hovens et al., 1992; Marcelle and Eichmann, 1992; Choi et al., 1993 Choi et al., , 1994 Tamagnone et al., 1993; Yee et al., 1993; Simoneaux et al., 1995; Hoehn et al., 1996; Madruga et al., 1997; Robinson et al., 1998) . However, in many instances further analysis of the tyrosine kinases identi®ed and of their biological activity remained dicult, mainly due to limitations in obtaining homogenous cell populations to follow up candidate genes. Avian hematopoietic cells provide useful experimental model systems that are well suited to obtain largely homogeneous populations of erythroid progenitors derived from bone marrow. These progenitors can be ampli®ed in vitro as homogenous cell populations to large cell numbers in the presence of speci®c growth factors, such as stem cell factor (SCF) and transforming growth factor type a (TGFa; Hayman et al., 1993; Briegel et al., 1993 Briegel et al., , 1996 Schroeder et al., 1993; Beug et al., 1995; Dolznig et al., 1995; Steinlein et al., 1995; Wessely et al., 1997) . Additionally, by changing the culture conditions and addition of dierentiation factors such progenitors eectively undergo terminal dierentiation and thereby faithfully recapitulate erythroid cell dierentiation in vitro. The presence of the tyrosine kinase receptors for SCF and TGFa, c-kit and epidermal growth factor receptor (EGFR), respectively, on the surface of erythroid progenitors has been well documented as well as their roles in signaling (Hayman et al., 1993) . However, the mechanism of erythropoiesis can not be explained solely on the basis of these known factors, and the identity of other growth factors or cytokines (e.g. present in the serum) that may act by directly activating receptor tyrosine kinases and/or recruiting other non-receptor tyrosine kinases remains to be elucidated.
In this study we aimed at identifying and monitoring receptor and non-receptor tyrosine kinases with a potential activity in promoting growth and/or differentiation of erythroid cells. The expression pro®le of several tyrosine kinase genes during in vitro differentiation of erythroid progenitor cells was determined. Our analysis also led to the identi®cation of ®broblast growth factor receptor-4 (FGFR-4) as a new ligand dependent modulator of erythropoiesis.
Results
Isolation and identi®cation of receptor and non-receptor tyrosine kinase cDNA in erythroid progenitor and dierentiating cells
To determine tyrosine kinase gene expression in erythroid cells a PCR-based strategy was employed by targeting the highly conserved tyrosine kinase catalytic domain. SCF dependent and TGFa dependent erythroid progenitors (in the following referred to as SCF and TGFa progenitors, respectively) were grown in vitro under well-de®ned culture conditions and then induced to dierentiate ( Figure 1a ). Prior to, and after 48 h of dierentiation, cells were harvested, RNA was prepared and subjected to ®rst strand cDNA synthesis followed by PCR ampli®cation with a set of degenerate primers that¯ank the most conserved region of the tyrosine kinase catalytic domain ( Figure  1b ). PCR products were cloned in plasmid vectors thereby generating tyrosine kinase cDNA libraries of both erythroid progenitor and dierentiating cells. About 200 randomly isolated clones were then analysed by DNA sequencing and several receptor and non-receptor tyrosine kinases that are expressed in these cells were identi®ed on the basis of homology by BLAST alignment tools (Table 1) . In this study we expected to obtain already known genes, like for example the receptor tyrosine kinases c-kit and insulin receptor (IR), but also to identify tyrosine kinases that have so far not been implicated in erythroid cell development.
Jak1 was found to be the most frequently detected tyrosine kinase both in SCF and TGFa progenitors as well as in dierentiating cells. This result is interesting because Hoehn et al., 1996 , by using the same approach and almost identical PCR primers frequently obtained Jak1, Jak2 and Jak3 when analysing human hematopoietic progenitors. However, in our study and despite many attempts not a single cDNA clone containing Jak2 or Jak3 speci®c sequences was found, neither in SCF nor TGFa progenitors. This ®nding supports the idea that in the erythroid cells analysed here the principal signaling molecule of the Jak family is Jak1. Experiments that investigate this possibility further are currently being performed and will be published elsewhere.
The second most frequently detected tyrosine kinases comprise members of the insulin receptor family such as IR, insulin-like growth factor type 1 receptor (IGFR) and insulin receptor-related receptor (IRR). This is in line with the observation that for example IGFR and IR subserve roles in growth and differentiation, respectively, of human and chicken erythroid cells (Sawada et al., 1989; Muta et al., 1994; Beug et al., 1995; PanzenboÈ ck et al., 1998) . Interestingly, Ryk, a putative receptor tyrosine kinase, was the third most frequently found kinase in our screen and its expression in erythroid cells was con®rmed by RNAse protection and Northern blotting experiments (not shown). Additionally, sequence analysis of Ryk cDNA demonstrated that the substitutions observed in domain VII of human Ryk with respect to other tyrosine kinases (PheGly to AsnAla) were also present in chicken Ryk.
As expected, both SCF and TGFa progenitors expressed c-kit (Table 1 and Figure 3c ). Since c-kit expression is downregulated upon dierentiation (Dolznig et al., 1995) , c-kit speci®c cDNA clones were, as anticipated, less abundant in dierentiated progeny than in the progenitor cell population. Among the less frequently detected tyrosine kinase cDNA were Syk, Eyk, focal adhesion kinase (FAK) and c-fms. Syk expression is of particular importance, since this kinase phosphorylates the red cell speci®c anion transporter (Harrison et al., 1994) . Additionally, FAK is a non-receptor tyrosine kinase contained in complexes that mediate integrin dependent cell contacts, and FAK protein is readily detectable for example in human and chicken erythroid progenitor cells (N Koritschoner, P Bartunek, B Anzinger and M Zenke; unpublished). The presence of c-fms cDNA in SCF progenitior but not TGFa progenitor populations is most probably due to some persisting macrophages in such cultures that abundantly express c-fms. Finally, some cDNA clones encoding serine-threonine kinases (e.g. S6 kinase) were also detected when the primers TK1 and TK2 (Figure 1b and Material and methods) were employed in the initial PCR reaction. Since this study focuses on the analysis of tyrosine kinases, the following results refer to cDNA clones obtained with primers TK2 and TK3 (Figure 1b ).
Monitoring tyrosine kinase gene expression during erythroid cell dierentiation by domain-directed dierential display
Tyrosine kinases represent key molecules involved in both proliferation and dierentiation of cells. To determine the speci®c changes in tyrosine kinase gene expression ongoing when cells dierentiate, domaindirected dierential display was used. Such PCR-based approaches allowed us to readily detect and reveal the expression pro®le of several genes simultaneously. SCF and TGFa progenitors were grown in vitro and induced to dierentiate for various periods of time. RNA was prepared and subjected to cDNA synthesis followed by PCR ampli®cation with the same set of primers as described above. To reveal the presence of known tyrosine kinases that are most likely contained in the pool of PCR products (like Jak1, IR and c-kit), PCR fragments were digested with the restriction endonuclease HinfI; fragments were then 32 P labeled and analysed by denaturing gel electrophoresis ( Figure 2 ). As references PCR fragments of Jak1, IGFR, IR, c-kit and EGFR were generated, digested with HinfI and displayed on gels accordingly (Figure 2 ; see also Figure  1b) .
Comparison of the pattern of bands obtained for progenitors and dierentiating cells with that of the reference fragments readily identi®es the respective tyrosine kinase and the speci®c changes ongoing during dierentiation. For example, c-kit expression in erythroid progenitor cells is represented by the presence of two bands of 94 and 109 bp (Figure 2 ). Most importantly, the intensity of these bands decreases when cells dierentiate which is in accord with the reduction in c-kit mRNA and protein during dierentiation (Dolznig et al., 1995 , see also below Figure 3c and data not shown). In contrast, Jak1 expression in SCF progenitors, identi®ed by two bands of 44 and 162 bp, remained essentially unchanged during the initial stages of dierentiation (2 ± 24 h) and decreased at 48 h. As control for the eciency of the reverse transcription reaction, other genes (like S17 encoding a ribosomal protein) were PCR ampli®ed accordingly and found to be unaltered in all samples analysed (data not shown).
There are however limitations in the domaindirected dierential display approach employed, mainly in the detection of low abundant transcripts and/or of cDNA that is not eectively ampli®ed by the degenerate primer set used. For example, EGFR receptor expression in TGFa progenitors was not detected with the PCR primers employed. However, an EGFR receptor speci®c PCR fragment was readily obtained from HD3 erythroblasts that express high levels of the oncogenic EGFR version v-erbB, though not containing mutations in the catalytic domain Kolanus et al., 1993 Jia and Hanafusa, 1994 Schaller et al., 1992 Marcelle et al., 1994 Coussens et al., 1986 Kruh et al., 1990 Sabe et al., 1992 Several members of the tyrosine kinase gene family are identi®ed in SCF and TGFa progenitor and dierentiated cells (0 and 48 h, respectively). The number of cDNA clones obtained by direct sequencing, colony hybridization and multiplex PCR analysis is shown. InsR's comprise insulin receptor (IR), insulin-like growth factor type 1 receptor (IGFR) and insulin receptor related receptor (IRR). The nucleotide sequences reported in this paper have been submitted to GeneBank ( Figure 2 ). Additionally, employing speci®c PCR primers that reside in dierent regions within the tyrosine kinase catalytic domain readily identi®ed various members of the EGFR family in erythroid cells. These results will be published elsewhere. Finally, to assess the expression of a given gene quantitatively the respective bands detected by domaindirected dierential display were quanti®ed and the results obtained for three representative genes, i.e. ckit, IGFR and Jak1, in both SCF and TGFa progenitor cells are depicted in Figure 3 . These data clearly demonstrate that upon induction of differentiation c-kit expression is eectively downregulated to the same extent and following similar kinetics in both SCF and TGFa progenitor cells. By contrast, IGFR downregulation in SCF progenitor cells occurred with slower kinetics while its expression in TGFa progenitors is dramatically decreased within 24 h. Jak1 levels in SCF progenitor cells remained high during the initial phase of dierentiation and abruptly decreased after 48 h, while in dierentiating TGFa progenitors Jak1 was found to be downregulated in a more continuous fashion, even at the initial stages of dierentiation. To further support these conclusions, c-kit, IGFR and Jak1 expression were analysed by RNAse protection and essentially the same expression pro®les were found (Figure 3c ).
Searching for underrepresented tyrosine kinases: identi®cation of FGFR-4 as a new modulator of erythroid cell development
In the present study we also aimed at identifying tyrosine kinases that might be underrepresented in the pool of PCR fragments ampli®ed above, yet could serve important roles in erythroid cells. With the approach taken this poses a problem given the fact that the respective cDNA clones have to be identi®ed within the large number of the most frequently occurring cDNA clones for Jak1, the insulin receptor family, Ryk and c-kit. To circumvent this problem we developed a strategy that is presented schematically in Figure 4 . After RT ± PCR ampli®cation with the same set of degenerate primers as above, tyrosine kinase fragments were cloned into plasmid vector to generate cDNA libraries, and single colonies were cultured in a 96 well format array. Subsequently, bacterial cultures were directly processed for multiplex PCR with a set of primers that were designed to speci®cally amplify Jak1, IR, Ryk and c-kit cDNA sequences and to generate PCR fragments of distinct size to allow their discrimination by gel electrophoresis. This approach enabled us to Analysis of tyrosine kinase cDNA clones by multiplex PCR. Tyrosine kinase speci®c PCR fragments were generated by RT ± PCR with TK2 and TK3 primers (1) followed by cloning in plasmid vectors (2). cDNA clones were ampli®ed in 96-well format arrays (3) and analysed by PCR with c-kit, Ryk, Jak1 and insulin receptor family members (InsR's) speci®c primers (4). PCR products were subjected to analysis by gel electrophoresis (5) and cDNA clones devoid of c-kit, Ryk, Jak1 and InsR's speci®c sequences identi®ed (6) analyse about 200 clones and even more importantly, to identify cDNA clones containing new sequences. DNA sequencing and standard colony hybridization assays con®rmed the accuracy of the multiplex PCR analysis and those cDNA clones containing Jak1, IR, Ryk and c-kit speci®c sequences were included in Table 1 .
This analysis provided additional valuable information about the most frequently expressed tyrosine kinases in erythroid cells. Most importantly, it also led to the identi®cation of FGFR-4 as a new ligand dependent modulator of erythropoiesis (Table 1) . Chicken FGFR-4 identi®ed in this work is a member of the ®broblast growth factor (FGF) receptor family, closely related to mammalian FGFR-4 (Partanen et al., 1990 (Partanen et al., , 1991 Stark et al., 1991) and represents the chicken homolog of the ®broblast growth factor receptor-like embryonic kinase FREK/FGFR-4 previously reported in quail . The identi®cation of this new chicken FGFR sequence as FGFR-4 relies also on the comparison of amino acid identities obtained for distinct domains of all known FGFR members (Coulier et al., 1997) .
Interestingly, FGFR-4 was originally discovered by analysing the tyrosine kinase expression of K562 erythroleukemia cells and also detected in a variety of hematopoietic cell lines where the FGFR-4 transcript levels were particularly high (Partanen et al., 1990; Armstrong et al., 1992) . In addition, very recently FGFR-4 was also cloned from ts-v-sea oncogene transformed cells by employing similar PCR strategies as described here (Robinson et al., 1998) .
Expression of FGFR-4 mRNA is regulated during erythroid dierentiation
To gain insight into a potential function of FGFR-4 in erythroid cells, its expression in TGFa and SCF progenitors prior to and after various periods of time following dierentiation was analysed. FGFR-4 speci®c transcripts of 3.1 and 3.3 kb were readily detected in undierentiated erythroid cells (Figure 5a ) and were of similar size to those detected by human FGFR-4 and quail FGFR-4/FREK in other systems (Partanen et al., 1990; Armstrong et al., 1992; Marcelle et al., 1994) . Importantly, a clear downregulation of FGFR-4 transcripts was observed within 48 h of dierentiation for both TGFa and SCF cells. The same result was obtained in CEA-HD3 erythroblasts that ectopically express c-erbA/ thyroid hormone receptor (TR; Disela et al., 1991) . Proliferating CEA-HD3 cells showed high expression levels of FGFR-4 that were reduced when cells were induced to dierentiate by temperature shift to 428C (Figure 5b) . We also noted that CEA-HD3 erythroblasts expressed an additional FGFR-4 speci®c transcript of 3.5 kb simultaneously with 3.1 and 3.3 kb FGFR-4 mRNA. As expected the b-globin and carbonic anhydrase II (CAII) transcripts, used as experimental control, were eciently upregulated during dierentiation. Interestingly, in proliferating CEA-HD3 cells T3 treatment, which activates the cerbA/TR, led to an increase in FGFR-4 expression, indicating that T3 might regulate FGFR-4. Whether FGFR-4 is a direct target gene of c-erbA/TR remains to be determined.
bFGF enhances the proliferation of erythroid progenitor cells
The high FGFR-4 expression in red cell progenitors and its downregulation following dierentiation strongly suggested that FGFR-4 subserves a role in erythroid cell proliferation. However, so far murine + selected mRNA (4 mg per lane) was obtained from CEA-HD3 erythroblasts expressing wild type c-erbA/TR (Disela et al., 1991) which were grown at 378C or induced to dierentiate at 428C in the absence or presence of thyroid hormone (T3) for various periods of time, as indicated. RNA blotting and hybridization were performed as in (a) FGFR-4 was found to lack mitogenic activity when ectopically expressed in BaF3 cells, while for example FGFR-1 assayed under the same conditions was active (Wang et al., 1994; Wang and Goldfarb, 1997) . Interestingly, the speci®c amino acids that distinguish the mitogenic potential of these two FGFRs are con®ned to the kinase domain. Therefore we determined the DNA sequence of the relevant region in chicken FGFR-4 from several cDNA clones. Chicken FGFR-4 was found to be identical in amino acid sequence to quail FGFR-4/FREK (see Table 1 for accession number). Importantly, an aspartic acid residue that is required for the mitogenic activity of mammalian FGFR-1 is also present in avian FGFR-4 while mammalian FGFR-4 contains a glycine at this position ( Figure 6 ). Furthermore, mutation of this Gly to Asp in murine FGFR-4 results in strong phosphorylation and mitogenic activity of the ligand activated receptor (Wang and Goldfarb, 1997) . The avian FGFR-4 retained also one of the two tyrosines of the kinase insert and thereby most closely resembles the mitogenically active chicken FGFR-2 and mammalian FGFR-3, while the respective tyrosine residues are absent in mammalian FGFR-4 ( Figure 6 ). Similarly, the kinase domain MMYY motif of FGFR-1, FGFR-2 and FGFR-3 is partially conserved in avian FGFR-4 (MLFY) and completely divergent in mammalian FGFR-4 (VLCF; Figure 6 ). Thus, based on these structural features one might anticipate that avian FGFR-4 has the potential to exert a mitogenic activity.
Therefore, we sought to determine a biological activity that could be attributed to FGFR-4. To this end the eect of FGFR-4 ligands Johnson and Williams, 1993; Ornitz et al., 1996) on red blood cell progenitors was investigated. Pilot experiments demonstrated that recombinant human basic FGF (bFGF) exhibited a potent growth promoting activity on these cells in cooperation with other factors. Since bFGF speci®c eects were more evident on TGFa progenitors than on SCF cells, we focused our study on the biological activities of bFGF in TGFa progenitors. First, we analysed bFGF action on cell proliferation by employing dierent factor combinations as depicted in Figure 7a . While bFGF was largely inactive on its own (data not shown), increasing levels of bFGF eectively enhanced cell proliferation in the presence of SCF, insulin, and anemic chicken serum (as a source of erythropoietin, Epo) plus insulin. There was no eect of bFGF in the presence of anemic chicken serum alone. Surprisingly, bFGF counteracted TGFa induced cell proliferation in a dose dependent fashion, leading to a decrease in cell number.
In parallel to the analysis on cell proliferation bFGF activity on erythroid dierentiation was assessed by measuring hemoglobin (Figure 7b ). bFGF was found to eectively augment hemoglobin levels in the presence of SCF, insulin, and anemic chicken serum plus insulin. Again, there was no eect of bFGF in the presence of anemic chicken serum alone. Hemoglobin levels were, however, very low in TGFa progenitors grown in the presence of TGFa and bFGF, and only marginally elevated at higher bFGF concentrations.
To further extend these results we measured cumulative cell numbers in dierentiating cells in the presence and absence of bFGF (Figure 7c ). Again it was found that bFGF increases cell numbers. Additionally under these conditions bFGF delayed dierentiation and led to reduced hemoglobin content when normalized to cell volume ( Figure  7d ). In conclusion, bFGF, which was largely inactive alone, enhanced proliferation in synergy with other factors like SCF and insulin but not TGFa, without compromising the dierentiation potential of these cells. In this respect bFGF exhibits an activity similar to SCF.
Discussion
The impact of receptor and non-receptor tyrosine kinases for erythroid cell growth and dierentiation is well documented, e.g. for the TGFa and SCF receptors and members of the Jak family (Hayman et al., 1993; Beug et al., 1995; Ihle et al., 1995; Steinlein et al., 1995; Broudy, 1997; Wessely et al., 1997) . By using a PCRbased strategy and targeting the conserved kinase encoding region we have attempted (i) to monitor tyrosine kinase gene expression in erythroid cells when cells dierentiate and (ii) to isolate and identify tyrosine kinases that have so far not been implicated in erythroid cell development, and also (iii) to discover new members of the tyrosine kinase family with a potential function in erythroid cells. Here we present a pro®le of the speci®c changes in tyrosine kinase gene expression when erythroid cells undergo dierentiation. Furthermore, we have identi®ed the receptor tyrosine kinase FGFR-4 as a new modulator of erythropoiesis and demonstrated that addition of the FGFR-4 ligand bFGF enhanced erythroid cell proliferation induced by SCF or insulin.
Two in vitro cell systems were used: SCF dependent and TGFa dependent erythroid progenitor cells. Such progenitor cells can readily be ampli®ed from chicken bone marrow under speci®c culture conditions as homogenous cell populations and induced to differentiate in culture, and thereby faithfully recapitulate erythroid cell growth and dierentiation in vitro. By domain-directed dierential display we monitored speci®c changes in tyrosine kinase gene expression when cells dierentiate. c-kit, IGFR and Jak1 expression was eectively downregulated in both dierentiating SCF and TGFa progenitors, albeit with dierent kinetics. Jak1 is of particular interest since Jak proteins provide a link between cytokine receptors without intrinsic tyrosine kinase activity and protein substrates, such as the STAT transcription factors, that are tyrosine phosphorylated upon receptor activation and induce speci®c changes in gene expression (Ihle et al., 1995) . Interestingly, it has been reported that EGFR and c-kit activate STAT factors in hematopoietic cells (Mellitzer et al., 1996; DeBerry et al., 1997) . Certainly, the identity of the Jak protein(s) involved is crucial to the understanding of the ®nal outcome induced by cytokine and/or growth factor signaling. Here we provide ®rst evidence of dierential Jak1 expression that is associated with the self-renewing state of chicken erythroid progenitors. Additionally, the relatively high expression level of Jak1, together with the observation that no other member of the Jak family was detected in our screening, supports the idea that Jak1 might represent the principal signaling molecule utilized by cytokine and/or growth factor receptors in avian erythropoiesis.
Ryk, a potential growth factor receptor, was one of the genes most frequently found in our survey. Ryk expression in human and mouse hematopoietic cells and tissues was reported before (Hovens et al., 1992; Tamagnone et al., 1993; Yee et al., 1993; Simoneaux et al., 1995) . Several structural features of Ryk are distinct from other conventional tyrosine kinases. One of the most striking dierences is the presence of a relatively short extracellular domain that lacks typical Ig domains, cysteines or ®bronectin type III-like structures found in other receptors. However, the extracellular domain contains some leucine rich motifs which are present for example in the Trk family of receptors (Hovens et al., 1992; Simoneaux et al., 1995) . Another key feature that is found in Ryk from dierent species, including chicken as shown here, is the substitution of AspPheGly by AspAsnAla in the otherwise highly conserved domain VII of tyrosine kinase receptors. It has been proposed that these changes may aect and/or abrogate kinase speci®city of Ryk, since so far no tyrosine kinase activity associated with Ryk was found. We emphasize however, that Ryk expression in developing red blood cell progenitors from dierent species argues for an important role of this protein in erythropoiesis.
In this study we also identi®ed the tyrosine kinase FGFR-4 by applying a straightforward screening procedure. To our knowledge this is the ®rst demonstration that FGFR-4 is expressed in primary erythroid progenitors. Most signi®cantly, we show that administration of the FGFR ligand bFGF enhanced erythroid cell proliferation induced by SCF or insulin. In addition, FGFR-4 was the only FGF receptor found by our PCR approach, and neither FGFR-1, FGFR-2 nor FGFR-3 were detected in these cells by Western blotting (N Koritschoner and M Zenke, unpublished). These observations, together with the high FGFR-4 expression level further support the notion that bFGF action on erythroid cell growth is due to the activation of FGFR-4 rather than of other FGFR family members. Even more revealing was the observation that FGFR-4 speci®c transcripts declined when erythroid progenitors dierentiate, suggesting that downregulation of FGFR-4 is coupled to the onset of erythroid dierentiation. In this respect FGFR-4 behaves very similarly to c-kit and EGFR that are also downregulated as cells dierentiate (Hayman et al., 1993; Dolznig et al., 1995) . Our attempts to detect speci®c phosphorylation of avian FGFR-4 in erythroid cells have so far been unsuccessful. This observation is in line with previous data that demonstrated phosphorylation of FGFR-4 in response to ligand only in cells that ectopically expressed high receptor levels (Partanen et al., 1991; Vainikka et al., 1994; Wang et al., 1994; Wang and Goldfarb, 1997) . Thus at the present state of analysis we cannot entirely exclude the possiblity that bFGF exerts its activity via other FGF receptors.
It was reported that bFGF, which is produced by bone marrow stromal cells, can synergize with SCF in augmenting growth of myeloid progenitor cells (Gabrilove et al., 1994) . Additionally, bFGF stimulated colony formation of puri®ed hematopoietic progenitors in the presence of cytokines (IL-3, Epo and GM ± CSF), being most pronounced for burst forming unit-erythroid (BFU-E) cells (Gabbianelli et al., 1990) . Furthermore, bFGF enhanced Epo dependent growth of an immortalized primitive erythroid cell line and of primary primitive erythroid progenitors (Yuen et al., 1998) . A most recent study by Huber et al., 1998 also demonstrated synergy of bFGF in growth of erythroid cells. All these observations are in accord with the results reported here demonstrating that bFGF supports erythroid cell growth if acting in synergy with other factors like SCF. Finally, the mitogenic eect of bFGF on cells expressing FGFR-4 might not be restricted to the erythroid lineage since FGFR-4 was detected in other avian cells, like replicating myoblasts, suggesting a broader role of FGFR-4 in other developmental processes Marcelle et al., 1995) .
Studies to demonstrate that bFGF supports sustained growth of erythroid progenitors in vitro and therefore exhibits an activity similar to TGFa (Hayman et al., 1993) have been met with limited success. At the present state of analysis the question remains open whether erythroid progenitor cell growth induced by bFGF requires cooperation with low amounts of other factors present in serum (N Koritschoner, P Bartunek, G Blendinger and M Zenke, unpublished data) . In addition, so far there is no direct evidence for a function of FGFs in avian erythropoiesis in vivo. Targeted expression of soluble dominant negative receptor versions in the hematopoietic compartment would represent a suitable approach to address this question.
Interestingly, apart from the synergistic eects of bFGF we also found that bFGF counteracted cell growth in the presence of TGFa. Such an eect might be attributable to con¯icting signaling pathways that, when activated simultaneously, might compromise the mitogenic potential of either growth factor receptor. Such an idea would be in line with the ®nding that bFGF speci®c eects on proliferation of transformed chicken retina cells are abrogated by a mutated constitutively active version of EGFR, v-erbB (Garrido et al., 1993) . Therefore, it is conceivable that bFGF and TGFa signaling might converge to a unique cross point and become one single biochemical pathway. Adapter molecules involved in propagation of FGFR signaling have been recently identi®ed (Kouhara et al., 1997; Xu et al., 1998; and references therein) . For example, upon ligand binding FGFR-1 but not EGFR activate novel adapter proteins termed FRS2/SNT. FGFR-4 appears to be associated with a molecule containing ser/thr kinase activity which might be involved in downstream signaling (Vainikka et al., 1996) . Whether FGFR-4 and EGFR utilize common substrates remains to be determined.
In conclusion, our ®nding of FGFR-4 expression in erythroid cells provides new insights into the diverse functions exerted by members of the FGF receptor tyrosine kinase family. Evidently, the characterization of the biochemical cross point of the FGFR-4, c-kit and EGFR signaling pathways remains a major challenge for further studies and should allow us to explain the synergistic or antagonistic action of bFGF with SCF or TGFa, respectively.
Materials and methods

Cells and tissue culture
SCF and TGFa dependent erythroid progenitor cells (referred to as SCF and TGFa progenitors, respectively) were prepared from bone marrow of 3 ± 10-day old SPAFAS chicks essentially as described (Hayman et al., 1993; Briegel et al., 1996; Wessely et al., 1997) . Brie¯y, following Ficoll-Hypaque centrifugation (density 1.077 g/cm 3 , Eurobio, Paris, France) bone marrow cells were cultured in modi®ed CFU-E medium (2 ± 4610 6 cells/ml; Radke et al., 1982; Zenke et al., 1988; Beug et al., 1995) containing 100 ng/ ml avian SCF (Hayman et al., 1993; Bartunek et al., 1996) . Recombinant chicken myelomonocytic growth factor (cMGF, 40 ng/ml; Leutz et al., 1984; Bartunek et al., 1996 Bartunek et al., , 1997 was present during the initial phase of culture (day 1 and 2) to induce dierentiation and adherence of macrophages and macrophage precursor cells. At day 2 nonadherent cells were recovered and grown in CFU-E medium plus 100 ng/ml avian SCF. Routinely, homogenous cultures of SCF progenitors were obtained after 3 ± 4 days of culture at 378C in 5% CO 2 atmosphere and high humidity (95%).
To prepare TGFa progenitors chicken bone marrow cells were prepared and cultured in modi®ed CFU-E medium essentially as described above, but containing 100 ng/ml SCF, 1 ± 5 ng/ml TGFa (Promega), 10 76 M estrogen and 10 76 M dexamethasone (Sigma; Hayman et al., 1993; Schroeder et al., 1993; Wessely et al., 1997) . Homogenous populations of TGFa progenitors were obtained at day 12 ± 14.
To measure the activity of bFGF on erythroid progenitor growth, SCF cells were prepared as above and grown in the presence of the following factors or various combinations thereof: recombinant bFGF (20 ng/ml, R&D Systems, Minneapolis, MN, USA), SCF (100 ng/ml), 10 76 M estrogen and 10 76 M dexamethasone. Cell growth was monitored by measuring cell numbers in regular time intervals by the CASY-1 Cell Counter and Analyser System (SchaÈ rfe, Reutlingen, Germany). Cell size and volume were also determined.
CEA ± HD3 erythroblasts ectopically expressing the cerbA/thyroid hormone receptor (TR) were grown at a density of 1610 6 cells/ml in CFU-E medium containing T3-depleted sera as described (Disela et al., 1991) .
Dierentiation assay
To induce erythroid dierentiation, cultures of SCF and TGFa progenitors (2610 6 cells/ml) were incubated in CFU-E medium without chicken serum (referred to as dierentiation medium; Zenke et al., 1988) supplemented with 5% anemic chicken serum (as a source for Epo) and 1 mg/ml recombinant human insulin (Novo Nordisk). CEA-HD3 erythroblasts were induced to dierentiate by temperature shift to 428C in dierentiation medium plus anemic chicken serum and insulin as above; cells were treated with 10 77 M T3 to activate the c-erbA/TR or left untreated (Zenke et al., 1988; Disela et al., 1991) .
Cell proliferation and hemoglobin measurements
Cell proliferation of TGFa progenitors was measured in dierentiation medium containing reduced concentrations of FCS (5%). Brie¯y, 5610 4 cells/well were seeded in 96 well microtiter plates in 100 ml medium containing the following factors: TGFa (1 ng/ml), SCF (2 ng/ml), insulin (1 mg/ml), anemic chicken serum (5% v/v) or combinations thereof. Increasing concentrations (2.5 ± 20 ng/ml) of bFGF were used. After two days cell proliferation was determined by CellTiter 96 TM cell proliferation assay (Promega, Madison, WI, USA). Hemoglobin content of erythroid cells was measured as described (Briegel et al., 1993) . All measurements were done in triplicate.
RNA preparation, cDNA synthesis, and PCR ampli®cation Total RNA was prepared as described (Chomczynski and Sacchi, 1987) . First strand cDNA was synthesized from 2 ± 5 mg of total RNA employing 100 U M-MLV reverse transcriptase (Promega, Madison, WI, USA) and random hexamers in a total volume of 20 ± 50 ml according to the instructions provided by the manufacturer. For PCR ampli®cation a set of degenerate primers for the region encoding the catalytic domain of tyrosine kinases, but lacking additional restriction sites, was designed as described by Wilks et al., 1989 . The sequences of these tyrosine kinase primers are as follows: TK1: 5'-ATCCAYAGNGWYCT-3', TK2: 5'-CCAWAGGACCASACRTC-3' and TK3: 5'-RTN-CAYMGNGAYYTNGCNGCNMGNAA-3'. First strand cDNA was subjected to 35 cycles of PCR ampli®cation using Taq DNA polymerase (Boehringer Mannheim) performed under standard settings as recommended by the supplier, and applying the following cycle pro®le: 948C for 30 s, 428C for 60 s and 638C for 60 s. PCR products were puri®ed from agarose gels, reampli®ed as above and cloned into pCRII vector (Invitrogen, San Diego, CA, USA). Approximately 200 clones were subjected to DNA sequencing using an ABI DNA sequencing device. Sequences were then analysed using the BLAST alignment tool.
Domain-directed dierential display
RNA samples were obtained from undierentiated SCF and TGFa progenitors and after various periods of time following dierentiation and ®rst strand cDNA was synthesized followed by PCR ampli®cation with degenerate tyrosine kinase speci®c primers as described above. PCR fragments were separated by agarose gel electrophoresis and further puri®ed by Wizzard minicolumns (Promega, Madison, WI, USA). Equal amounts of DNA were digested with HinfI and labeled by Klenow enzyme and [ 32 P]dATP. The radiolabeled products were precipitated, resolved by denaturing polyacrylamide gel electrophoresis and visualized by autoradiography. DNA samples containing cloned tyrosine kinase fragments of Jak1, IR, IGFR, c-kit and EGFR were processed accordingly and employed as standards.
Multiplex PCR screening and colony hybridization
Approximately 200 clones harboring tyrosine kinase gene fragments were obtained as described above and ampli®ed in LB medium using 96 well microtiter plates. As template for the multiplex PCR, 1 ml of bacterial culture was employed. The primer sequences were designed based on the sequence information obtained from the cloned chicken genes described in this work and were as follows: c-kit: 5'-TCTCGAAGGTGTAAACG-3'; Jak1: 5'-CAGGGCTGTC-GAGGTCG-3'; Ryk: 5'-TTGTTAACCAGGCTTTC-3'; InsR's: 5'-CGGTAATAATCTGTCTC-3' (please note that the latter primer will eciently anneal to IR, IRR and IGFR). All primers were used simultaneously together with M13 forward and reverse primers in PCR reactions of 10 ml ®nal volume. PCR ampli®cation was as follows: 948C for 30 s, 488C for 60 s and 728C for 60 s. After 30 cycles of ampli®cation PCR products were analysed by electrophoresis in 1.5% agarose gels. As references cloned cDNA of IR, IRR and IGFR, c-kit, Ryk and Jak-1 were PCR ampli®ed accordingly and applied to gel electophoresis.
Colony blot hybridization followed standard procedures. The cDNA probes employed were obtained from the corresponding pCRII plasmids by EcoRI digestion.
Northern blot analysis
Preparation of total RNA and selection of poly(A + ) RNA were performed by following standard procedures. RNA samples were analysed by gel electrophoresis and blotted to GeneScreen membranes (Dupont) as described (Briegel et al., 1993) . Filters were hybridized sequentially with 32 P labeled probes of chicken cDNA encoding the tyrosine kinase domain of FGFR-4 (this work), b-globin and CAII (Disela et al., 1991) .
RNase protection assay
Total RNA was prepared as in (Chomczynski and Sacchi, 1987) . For RNase protection analysis the following riboprobes were generated: tyrosine kinase region of c-kit, IGFR and Jak1 in pCRII vector, and chicken b-actin (position 2755 to 2834) in pSP64 (Promega). Plasmids were linearized with EcoRV (c-kit and Jak1), BamHI (IGFR) or PvuII (b-actin) and anti-sense probes were synthesized by in vitro transcription from the SP6 or T7 promoters in the presence of 32 P CTP. RNase protection assays were performed according to the manufacturer's speci®cations (RPA II Kit, Ambion). 10 mg and 20 mg total RNA per sample from SCF progenitors were hybridized with 10 5 c.p.m. of c-kit, IGFR and Jak1 riboprobes plus 2610 5 c.p.m. of b-actin control riboprobe. Following RNaseA/RNaseT1 digestion samples were resolved in 6% polyacrylamide-8 M urea denaturing gels and detected by autoradiography.
